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ROTICE:  When  government  or  other  dravlnga,  speci¬ 
fications  or  other  data  are  used  for  any  purpose 
other  than  In  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  8. 
Government  thereby  Incurs  no  responsibility,  nor  any 
obligation  whatsoever;  and  the  fact  that  the  Govern¬ 
ment  may  have  formulated,  furnished,  or  In  any  vay 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  Implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  Invention  that  may  lh  any  vay  be  related 
thereto. 
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FOREWORD 


In  1941  the  clo  formula  added  tremendous  impetus  to  the  science  of 
cold -«eatber  clothing  by  describing  dry  insulation  in  precise  quantitative 
physical  tares  rather  than  comparatively  vapw  qualitative  ones.  Mo  such 
parameter  has  been  available  for  describing  the  evaporative  he^t  transfer 
characteristic  of  clothing,  which  is  the  major  factor  in  beat  loss.  As  a 
result,  the  clo  formula  could  not  be  used  is  any  environments  where  the 
nan  was  sweating. 

The  stress  of  a  hot  environment  ean  be  predicted  with  reasonable 
accuracy  on  a  nude  man.  However,  there  has  been  r*»  way  of  extending 
prediction  to  men  wearing  various  types  of  clothing.  To  the  Quartermaster' 
Corps  this  lack  of  guidance  is  a  serious  shortcoming,  since  one  of  its 
missions  is  to  provide  suitable  clothing  for  the  soldier  for  all  environ¬ 
ments. 

In  this  paper,  a  new  index  is  developed  and  the  dry  insulation,  or 
clo,  formula  is  extended  to  include  those  cases  where  sweat  evaporation  is 
important.  This  supplies  the  missing  factor  in  the  man-clothing- environ¬ 
ment  complex  and  allows  hot-weather  clothing  systems  to  be  quantitatively 
described. 
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ABSTRACT 


Prom  theoretical  considerations  a  new  clothing  parameter,  moisture 
permeability  index,  has  been  developed.  The  existing  "clo"  formula 
relating  dry  clothing  Insolation  and  ambient  twrperature  to  man's  heat 
loss  has  been  extended  to  include  evaporative  heat  transfer.  This  ex¬ 
tension  indicates  a  range  over  which  the  clothed  man  may  maintain  thermal 
equilibrium.  This  concept  of  range  applies  in  all  types  of  environments 
and  thus  one  theory  is  applicable  to  hot,  temperate,  and  cold  environ¬ 
ments.  The  theory  also  ipdiestea  the  limitations  of  sweet  evaporation 
as  a  cooling  mechanism. 

A  method  is  described  for  measuring  moisture  permeability  index. 


MOISTURE  PERTEABILITT  IHDEt  - 
A  NEW  INDEX  FOR  DESCRIBING  EVAPORATIVE 
HEAT  TRANSFER  THROUGH  FABRIC  SYSTtXS 


1.  Introduction 

The  introduction  by  Gagge,  Burton,  and  Bazatt  (3)  of  the  quantitative 
concept  of  thermal  insulation  gave  a  great  impetus  to  the  science  of 
clothing.  Not  only  did  it  establish  a  quantitative  measure,  but  also, 
and  perhaps  More  important,  it  provided  a  prediction  formula  for  the  man- 
cloth  ing-enviro  rat  ent  complex  by  relating  heat  lose  and  akin  temperature 
to  clothing  insulation  and  to  environmental  temperature .  The  formula  was, 
however,  limited  to  dry  heat  loas;  the  lack  of  an  evaporative  heat  lots 
factor  made  it  unsuitable  when  sweating  occurred,  such  -s  In  hot  environ¬ 
ments  or  in  cold  environments  when  the  man  is  exercising. 

The  thermal  balance  between  man  and  the  environment  without  the 
clothing  factor  hae  been  discussed  in  earlier  reports  (7,9).  In  these 
studies,  the  effects  of  temperature,  humidity,  wind,  and  radiation  were 
related  to  heat  dissipation,  akin  temperature,  and  akin  humidity  for  the 
nude  man.  Factors  were  included  for  clothing  and  cn  indication  given  ol 
how  clothing  will  affect  man's  thermal  balance.  But  the  parameters  were 
expressed  by  hypothetical  symbols  which  are  not  readily  measured  In 
numerical  terms  for  specific  clothing  materials. 

It  ia,  of  course,  well  known  that  clothing  impedes  the  transfer  or 
escape  of  moisture  vapor  which  is  formed  by  the  evaporation  of  sweat  at 
the  skin.  Moisture  vapor  which  accumulates  within  clothing  raises  the 
local  humidity  and  thus  tends  to  slow  down  the  rate  of  sweat  evaporation 
and  the  accompanying  removal  of  heat  from  the  skin  surface. 

Several  investigators  have  attempted  to  estimate  this  impedance  to 
removal  of  moisture  vapor  by  measuring  the  resistance  to  moisture  diffu¬ 
sion  of  textiles  in  still  air.  This  work  culminated  in  the  classical 
paper  of  Whelan  et  al  (6),  who  established  a  relationship  between  fabric 
structure  and  the  resistance  to  moisture  diffusion.  However^  these  In¬ 
vestigators  measured  the  resistance  to  diffusion  through  the  textile  from 
one  mass  of  still  air  to  another.  This  value  may  be  quite  different  from 
that  for  the  impedance  to  evaporation  frwi  a  moist  surface,  through  a 
textile  fabric  placed  over  it,  to  an  environmental  mass  of  air  which  ie 
generally  moving.  Under  the  letter  condition,  there  is  not  only  diffusion 
of  moisture  vapor  through  the  fabric  but  also  mass  movement  of  air  through, 
owr,  and  even  under  it  which  carries  off  the  moisture  vapor.  Indeed,  al¬ 
though  the  results  of  moisture  diffusion  experiments  are  perfectly  valid, 
they  cannot  be  readily  applied  to  the  sweating  man-clothing-environment 
complex,  in  which  not  only  diffusion  of  moisture  vapor  but  also  its' trans¬ 
fer  by  convection  takes  place. 
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Physiologist*  who  have  investigated  heat  atres*  in  clothed  wan  (l»,5) 
have  invariably  described  the  clothing  in  qualitative  teres,  since  there 
has  been  no  quantitative  figure  (such  as  the  do  unit  of  insulation)  hr 
which  clothing  properties  could  oe  evaluated.  Bel  ding  and  Hatch  (1)  con¬ 
clude  that  heat  stress  indices  must  be  made  on  a  no-clothing  baa  la  since 
■limitations  of  available  knowledge*  prevent  the  use  of  a  clothing  factor. 

The  aim  of  this  report  is  to  supply  the  required  clothing  perameter, 
to  Indicate  its  relationship  in  the  man-clothing -environment  complex,  snd 
to  outline  the  technique  of  measurement.  The  new  parameter,  which  is  an 
index  of  the  permeability  of  clothing  to  moisture  vapor,  will  be  termed 
■oisture  permeability  index,  or  simply  •permeability  index,"  and  denoted 
Vt  •iJr).«  It  will  be  shown  that  it  can  be  included  as  s  second  clothing 
parameter  (dry  thermal  insulation  being  the  first)  in  the  general  equation 
for  heat  transfer  between  the  skin  and  the  environment. 

Such  an  equation  can  be  used  by  the  environmental  scientist  in  pre¬ 
dicting  ranges  of  environment  and  metabolic  activity  in  which  thermal 
equilibrium  can  be  maintained,  rather  than  the  single  environmental  temp¬ 
erature  or  heat  loss  given  by  the  older  clo  formula  of  Gagge  et  al  (3). 

The  permeability  index  can  also  be  used  by  the  clothing  technologist  as 
a  figure  of  merit  for  clothing  or  fabrics.  In  addition,  the  index  And 
its  development  is  of  use  in  promoting  understanding  of  the  mechanism  of 
heat  loss  from  the  skin  of  s  man  not  only  when  clad  in  light  clothing  in 
warm  environments,  but  also  when  clad  in  thick  or  heavy  clothing  in  temp¬ 
erate  or  cold  environments. 

2.  Theory 

The  formula  relating  dry  heat  loss  through  clothing  from  the  skin  to 
the  environment  is 

-  J.S-j  Equation  1 

where: 

Hj  "  rote  of  dry  heat  loos  per  unit  area 
T  -  skin  temperature 
T,  -  ambient  temperature 

I  -  insulation,  or  thermal  resistance  of  the  clothing 
plus  overlying  air  layer 

This  is  the  "clo*  formula  of  Oegge  et  al  (3)  except  for  omission  of 
the  numerical  coefficient  used  when  expressing  I  in  clo  units.  It  can  be 
seen  that  for  a  given  heat  loss  H<j,  skin  temperature  Ts,  and  insulation  I, 
there  is  one,  and  only  one,  value  of  the  ambient  temperature  T„.  Actually, 
hcvever,  a  human  can  maintain  thermal  balance  at  higher  ambient  tempera¬ 
tures  than  specified  by  this  formula  since  additional  heat  can  be  dissi¬ 
pated  by  evaporation  of  sweat.  Thus,  there  is  a  range  of  environmental 
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temper  .‘urea  cr»er  which  tbenwl  equilibrium  cun  toe  maintained  and  equation 
1  gives  only  it*  lower  limit* 

If  heat  transfer  occurs  toy  tooth  dry  and  evaporative  means,  then 

H  »  H<j  ♦  H*  Equation  2 


where* 


H  -  total  rate  of  heat  transfer  per  unit  area 

He  -  rate  of  evaporative  heat  transfer  per  unit  area 

The  evaporative  heat  transfer  Hg  can  toe  expressed  toy 

(Pa  -  Pa) 

He  *  £ 


Equation  3 


where* 


pB  »  the  vapor  pressure  of  the  skin 
Pa  •  the  vapor  pressure  of  the  air 

E  •  the  resistance  to  evaporative  heat  transfer  per  unit 
of  vapor  pressure  difference  across  clothing  plua 
overlying  air  layer 


Equation  2  can  then  toe  rewritten  (substituting  vcluc  of  fron  equities*  1 
and  value  of  Hg  from  equation  3)  as* 


I  K 


Equation  1* 


In  this  equation  H,  Ts.  and  ps  are  the  man  (or  physiological)  parameters, 
Ta  and  pa  are  environmental  parameters,  and  I  and  E  are  parameters  deter¬ 
mined  by  the  clothing  plus  overlying  air  l*urer. 

Equation  U  applies  not  only  to  skin  covered  by  clothing  but  to  any 
surface  which  is  supplied  with  heat  and  moisture  which  causes  pg  to  differ 
from  pa. 

The  value  of  E  may  toe  determined  by  placing  the  clothing  or  fabric 
system  on  an  unheated  or  wetted  surface  end  allowing  it  to  come  into 
equilibrium  vith  its  surroundings.  H  in  equation  ij  ia  then  equal  to  sero 
and  all  other  parameters  except  E  can  be  measured.  7g  and  pg  are  the 
ambient  temperature  and  vapor  pressure,  ?g  is  the  temperature  attained  toy 
the  surface,  and  pg  is  the  saturated  vapor  pressure  at  Tg.  The  insulation 
I  of  the  clothing  system  can  be  determined  toy  conventional  means. 

*in  evaporative  heat  transfer  characteristic  for  a  textile  which  is 
more  definitive  than  E  can  be  derived  ae  follows  by  rewriting  equation  4: 

H  -  |  f(Ts  -  Tg)  ♦  |  (ps  -  pa)|  Equation  lia 
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For  a  tore,  vetted,  unheated  surface  In  a  rapidly  moving  air  streem 
(i.o. ,  a  wet-bulb  thermometer) ,  B  equals  toro  and  equation  4a  bee  ones 

T*  T?  -  T, 

f  •  *  pj“-  p“  Equation  4b 

share: 

Tw  *  the  toaperature  of  the  wet- bulb  thermometer 
p u  «  the  saturated  vapor  pressure  of  water  at  the  wet-bulb 
temperature 

I*  *  the  value  of  I  when  applied  to  a  wot-bulb  thermometer 
e'  «  the  value  of  E  when  applied  to  a  vat-bulb  therao— ifcmr 

The  ratio  I*  /E'  is  a  constant  (or  very  nearly  so)  and  was  denoted  by 
S  in  an  earlier  report  (9).  If  the  ratio  I/E  to  I '  /Z  is  denoted  by  in. 
the  permeability  index,  equation  4  can  be  written  In  the  form 

H  “  f  fTa  *  7a)  *  V  (Ps  "  Pa?  Equation  5 

The  parameter  S  is  a  constant  equal  to  2C°  per  mm  Hg  vapor  pressure 
or  3 .6F°  per  «mi  Hg.  S  Is  really  a  conversion  factor  which  converts  a 
vapor  pressure  difference  to  an  effective  temperature  difference. 

The  permeability  index,  1®,  takes  the  form  of  an  efficiency  factor. 

It  has  a  theoretical  range  from  unity  (for  the  Ideally  permeable  system) 
to  aero  (for  the  covpletely  impermeable  one).  It  does  not  include  thick¬ 
ness  or  insulaticn  value  and  it  is  also  a  dimensionless  quantity,  so  that 
it  has  the  same  value  regardless  of  the  system  of  units  used.  It  is  felt, 
therefore,  that  !■  is  a  more  satisfactory  term  by  which  to  describe  mois¬ 
ture  permeability  than  E,  which  increases  with  thickness  of  clothing  and 
has  different  numerical  values  depending  on  the  system  of  units  used. 

Beat  loss  from  the  body  when  not  sweating  is  then  given  theoretically 
by  the  original  formula  of  Gagge  et  al  (3) 

Ha  *  (Tg  -  T#)  Equation  6 

where: 

Hd  is  in  kg-cal/m2/hr 

I  is  in  clo  units 

Ta  and  Ta  are  in  degrees  t 

and  3.09  is  a  numerical  factor  put  in  to  accommodate  tbe  clo  unit. 
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When  sweeting  occurs,  this  original  formula  is  expanded  to  th#  Rore 
general  fore  (from  equation  5) 

H  -  2^1  [(T,  -  Ta)  ♦  V  (p,  -  ifcjj  Equation  7 

In  using  equation  7  for  prediction  purposes,  T_  is  generally  taken 
at  accae  standard  value  (Balding  and  Hatch  (1)  have  Selected  9S°F) •  The 
value  of  ps  reaches  a  maximum  value,  about  90 1  of  the  vapor  pressure  of 
eater  at  skin  temperature  (7),  when  the  skin  Is  wet  with  sweat. 

Equations  6  and  7  thus  define,  for  any  gives  akjja  taspecatwce  and 
aebient  conditions,  a  range  over  which  heat  lose  e*nr  be  wrried  by  sweeting 
to  compensate  for  changes  in  metabolic  heat  production  so  that  thermal 
equilibrium  can  be  maintained. 

Alternatively,  for  a  given  akin  tempo; -:kure  and  fixed  heat  loss 
(constant  metabolism)  the  equations  define  a  range  of  ambient  conditions 
In  which  thermal  equilibria#  can  be  maintained. 

At  intermediate  points  within  the  range,  the  rate  of  sweating  Is  less 
than  the  maximan  which  can  be  evaporated  and  in  consequence  the  secreted 
sweat  is  evaporated  immediately  and  the  skin  appears  Ary.  It  should  porhapa 
be  pointed  out  that  in  most  hot  environments  the  amount  of  sweat  which  can 
be  secreted  without  excessive  strain  is  adequate  for  cooling,  provided  It 
can  be  evaporated.  Only  ir.  extremely  hot  dry  environments,  in  which  ambient 
temperatures  are  well  above  skin  temperature,  are  evaporative  requirements 
excessively  high  and  a  normal  man  limited  in  cooling  capacity  by  insuffi¬ 
cient  sweat  secretion  (9). 

3.  Measurement  of  permeability  index 

The  apparatus  (Fig.  1)  used  for  measuring  permeability  index  we*  a 
vertical  6- inch-diameter  cylinder  with  a  wetted  surface.  It  consisted  of 
a  copper  tert  section  6  inches  long  with  3-inch  copper  guard  rings  to 
prevent  end  losses.  At  the  top  of  the  cylinder  was  an  annular  cup  or  water 
Teaorvoir  of  plastic  whose  outside  diameter  was  also  6  Inches.  A  fine  linen 
covering  waa  fitted  tightly  over  the  whole  cylinder  with  the  end  dipping 
into  the  water  reservoir.  Water  frau  the  reservoir  wicked  up  this  linen  to 
the  rim  of  the  cup  and  then  down  over  the  cylinder  with  a  mail  excess  drip¬ 
ping  off  the  bottcmi.  The  rate  of  flow  of  water  was  only  slightly  in  excess 
of  the  amount  required  to  keep  it  wet  and  so  slow  that  it  came  into  t a* pe na¬ 
ture  equilibrium  before  flowing  very  far  down  the  cylinder.  Since  such  s 
cylinder  would  tend  to  wet  the  insulation  or  fabric  system  placed  over  it. 

It  vs e  covered  with  a  single  layer  of  300  P.T.  cellophane.  This  cellophane, 
which  was  thoroughly  washed  with  distilled  water,  had  an  outer  surface  which 
was  “dry*  in  the  sense  that  no  free  water  could  be  blotted  from  it.  However, 
the  cellophane  transferred  moisture  so  readily  that  repeated  tests  indicated 
it  had  «  vapor  pressure  indistinguishable  from  that  of  distilled  water. 
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Figure  1.  foistened  cylinder  showing  voter  reservoir  and  linen  wick  at  top. 

This  cylinder  assembly,  covered  with  the  febric  or  the  insulation 
.yste"  to  be  studied,  was  placed  in  a  snail  wind  tunnel  in  e  well-insulated 
room.  The  room  was  equipped  with  wet-  and  dry-bulb  thermometers  consisting 
oi  two  copcer-constantan  thermocouples,  one  with  a  wetted  wick  placed  at 
the  inlet  of  a  small  blower.  Since  wet-bulb  and  dry-bulb  temperatures  did 
not  need  to  be  at  any  specific  values,  but  only  to  be  constant  and  known, 
the  room,  was  used  without  sir  conditioning.  The  room  changed  temperature 
by  -‘.ss  than  0.2F°  per  day  (this  ia  more  constant  than  en  air  conditioned 
tjwi  in  which  temperature  end  humidity  oscillate  about  a  fixed  value). 

When  equilibrium  was  established,  dry-bulb,  wet-bulb,  and  cylinder 
temperatures  were  measured;  fro™  these,  Tp,  ps,  and  pfl  were  obtained. 
Then  i^  was  calculated  using  equation  7  and  assuming  rl  to  be  zero. 

h.  Typical  permeability  indices 

Typical  results  ere  given  only  to  indicate  the  general  magnitude  of 
tie  permeability  index  for  both  the  bare  cylinder  and  for  a  sample  fabric. 


Values  To-,  the  bare  cylinder  are  shown  in  Table  I 


TABLE  I 

F8BUABIUTT  IKTKT  fOR  BARE  CTLITOtt 


Wind  Speed  (ft/min) 
SO  70  100 

Permeability  index  0*63  0.68  0.70 


It  will  be  MSB  that  th*  permeability  index  decreases  with  decree  slug 
wind.  This  decreasing-  wind  salmi  is  It  a  thicker  "still  air  layer"  sur¬ 
rounding  the  cyliudery  this  offers  greater  impedance  t?  evaporation. 
Connection  losses  frow  the  cylinder  ere  decree sed  in  proportion  to  evapor¬ 
ation  (9)  but  f\j  is  made  up  of  both  convection  and  radiation  and  the 
latter  la  not  affected  by  wind.  Hence,  the  ratio  of  evaporative  to  dry 
heat  lose  decreases  and  the  permeability  index  la  reduced. 

The  effect  of  epee  log  a  6-os  khaki  poplin  away  fro*  the  cylinder  la 
shown  In  Table  II.  Results  are  given  for  both  a  stationary  cylinder, 
representing  a  stationary  man,  and  a  cylinder  moved  back  and  forth  about 
2-1/2  lnchea  at  $0  cycles  per  minute  to  simulate  e  walking  ana. 


TABLE  II 

pnwEAEiLrrr  judex  (at  various  spacjnos  peck 

THE  CTLPfPBR)  0?  6-02  KHAKI  POPLW 
(Wind  Speed  SO  ft/aln) 


Covering  Diameter 
(in) 

6 

7 

6 

10 


Permeability  Index 


Nominal  Spacing 
(in) 

hoving 

Station* 

0 

0.51 

0.1*9 

1/2 

0.51 

0.1*5 

1 

0.55 

0.1*7 

2 

0.56 

0.1*7 

Table  II  indicates  that  the  permeability  index  et  SO  ft/min  is  less 
for  the  "clothed"  cylinder  than  for  the  bare  one  (0.63)  indicating  that 
the  presence  of  the  poplin  Increased  resistance  to  evaporative  beet  lose 
more  than  it  increased  the  resistance  to  dry  heat  lots.  The  effect  of 
moving  the  cylinder  is  to  increase  the  permeability  index,  which  le  as 
expected  since  this  increases  air  movement.  Increasing  the  spacing  on 
the  moving  cylinder  increases  the  permeability  index,  presumably  because 
of  increased  sir  flow  between  the  covering  and  the  cylinder.  When  the 
cylinder  is  not  moving,  the  efrect  of  spacing  appears  negligible  at  thin 
lew  wind  speed  where  six  movement  in  the  air  space  is  very  slight. 
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While  the  results  quoted  here  arc  somewhat  limited,  It  eat  he  eeea 
tint  u  increase  1b  air  movement,  whether  by  wind  (table  I)  or  by  movemsnt 
of  the  body  (Table  II),  tends  to  Increase  the  permsablllty  index.  Mbem 
applied  to  hot-btmld  environs  ants,  -this  Indicates  that  a  fan  not  only 
Increases  dry  heat  transfer  but  also  Increases  evaporative  beet  transfer 
by  an  even  greater  percentage. 

5.  deenaaloo 

Jm  assessing  the  Importance  of  the  permeability  Index,  tao  viewpoints 
will  be  need.  The  theoretical  viewpoint  will  be  dlsoeseed  first,  then 
the  practical  application. 


a.  Theoretical  Implications' 

Pro*  the  theoretical  viewpoint,  the  pemeebillty  Index  eappllea 
the  wlsslng  pa  rax  star  required  for  considering  clothed  nan's  thermal 
balance.  The  concept  of  thermal  insulation  indicated  the  requirement#  to 
keep  men  from  being  chilled  la  a  oold  environment,  but  it  oould  give  no 
cine  ee  to  why  heavily-clad  wen  exarcising  In  a  cold  environment  could  so 
me^'j  become  overheated.  With  the  Introduction  of  the  permeability  index, 
e  nags  over  which  aan  can  maintain  tharwal  equilibria*  has  bean  estab¬ 
lished  for  which  the  thermal  Insulation  concept  provides  the  lower  limit. 
This  Is  a  shift  from  the  concept  that  the  purpose  of  clothing  Is  to  loeep 
a  man  as  warn  as  possible,  to  the  one  In  which  the  purpose  of  clothing  is 
to  knp  his  In  thexsal  equilibria*. 

Boreover,  the  thermal  ecraillbrin*  concept  was  generally  applied  to 
cold  environments,  occasionally  to  tea p* rata  ones,  and  never  to  warn  or 
hot  environments.  As  stated  by  Balding  end  Batch  (1)  mo  quantitative 
parameters  could  be  applied  to  hot-weather  clothing,  since  these  parameters 
were  not  known.  The  Introduction  of  permeability  index  does  wore  than 
supply  the  important  missing  parameter;  It  allows  a  pair  of  parameters  to 
describe  the  effect  of  clothing  through  a  unified  concept  which  is  the 
mbc  whether  the  envirocmsnt  la  hot,  cold,  or  temperate.  Mo  longer  is  It 
necmssary  for  heat  stress  to  be  studied  using  nude  man  or  those  clad  In 
clothing  which  is  described  only  by  qualitative  terwa,  inch  as  "light." 

It  Is  mow  theoretically  possible  to  study  beat  stress  on  vigorously  exer¬ 
cising  men  In  temperate  and  cold  environment ■  aa  well  as  In  hot  environments 

Barthermore,  this  development  points  the  way  to  interrelating  eirvi- 
TrrwwtiJ  factors  (such  as  temperature  and  eepor  pressure),  physiological  * 
fectcrs  (such  as  skin  terperatura  and  skin  vapor  pressure)  and  clothing 
factors  (such  as  insulation  and  permeability  indev)  to  give  s  quantitative 
relationship  for  the  man  -cloth  ing-enrirotseent  complex.  Perhaps  most 
important  is  the  development  of  the  quantitative  concept  that  there  is  • 
range  of  environments  or  alternatively  a  range  in  rata  of  heat  loss, 
corresponding  to  different  activities,  over  tfitoh  man  can  nalntaln  thermal 
equilibrium. 


rigor*  2  Aon  the  oiliwlitri  ulro—nUI  Unit#  for  tber— 1 
equilibria*  with  a  hwt  loss  of  100  fcg-oal/a^/hr  and  an  Insolation  of  2 
elo  no  a  funetico  of  par— bliVty  \rAmr..  It  will  ba  aaao  that.  In  ordar 
-to  havt  clothing  which  la  adaptable  to  a  wide  rang*  of  anrlroe— rrta,  the 
pan-ability  index  —at  ba  high,  It  —a  a  low  par— ability  index  which 
caused  the  vapor  barrier  anifor—  to  ba  ao  axoaaaira ly  hot  for  enarolalac 
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Figure  2.  The  tipper  llaita  of  aabiaot  condition*  for  various  walnaa  of 
por— ability  index. 


Equation  7  can  ba  need  as  follow*  to  ahow  that  relatively  light  doth 
log  provide*  the  greatest  range*.  Thie  equation  can  ba  written  for  two 
rates  of  boat  lost,  E'  and  I:  as  follows} 


-  3.09  £t8*  -  T*)  ♦  i*S  (P;  -  Paij 
3H"  -  3c09  [i,*  -  Ta)  ♦  i^  (P;  -  p^ 


where  the  superscripts  indicate  the  respective  skin  conditions. 


Subtracting 


I  (H*  -  B*)  -  3.09  j(T*  -  t*)  ♦  i*S  <p,’  -  P.^ 

IAH  -  3.09  [AT,  ♦  l^SAp ^  Equation  A 

It  will  be  acted  that  this  equation  doss  act  contain  any  sanrlrcn— ntal 
paraset era.  ATS  represents  a  range  of  vuriatloc  in  skin  temperature,  and 
Apa  a  range  of  variation  is  akin  vapor  pressure  (which  is  controlled  by 
sweating). 


Equation  8  has  been  used  to  plot  lines  of  constant  IAH  as  a  function 
of  skin  vapor  pressure  and  skin  temperature  (Fig.  3).  These  are  plotted 
at  intervals  of  40  clo  kg-cal/m^/hr  for  two  permeability  indices  (0.6 
solid  line,  and  0,4  dashed  line).  As  an  illustration  of  the  use  of  ttaie 
figure,  a  change  in  skin  conditions  fron  88  °F  aid  2.3  M  Bg  (point  A)  be 


SKI* 


Figure  3*  Effect  of  changes  in 
skin  vapor  pressure  and/or  akin 
temperature  on  heat  loss  at  any 
insulating  value. 


93°F  and  36  mm  Hg  (point  B)  with  t, 
of  0.6  corresponds  to  6  intervale  of 
40,  or  240  clo  kg-oal/m^/br.  Th'a,  in 
a  3  clo  uniform,  represents  a  change 
in  heat  loss  of  240/3  or  80  kg-cal/n?/hr 
in  a  1/2  clo  uniform  it  represent*  a 
change  of  480  kg-oal^/hr.  These 
values  hold  regardless  of  enr  lr  ormen- 
tal  conditions,  except  that  skin  vapor 
pressure  must,  of  course,  be  at  leaat 
as  high  as  ambient  vapor  pressure. 

They  confirm  the  hypothesis  that  light 
clothing  permits  the  greatest  ♦ 
or  that  in  cold  environerr-.s  *'.j  jeast 
clothing  consistent  wi'h  warmth  is 
desirable. 

With  a  permeability  index  of  0,4 
a  similar  change  in  skin  conditions 
(from  point  A  to  point  B)  produces  an 
IAH  of  only  4.1  x  40.  or  164  clo 
kg-cal/»2/hr>  3houlrg  that  permeability 
index  should  be  as  high  as  possible. 

Since  skin  vapor  pressure  can  be 
no  lower  than  ambient  vapor  pressure, 
it  will  be  seen  that  high  humidities 
produce  a  limited  range  in  which  equi¬ 
librium  can  be  maintained.  Ibis  also 
is  illustrated  by  Figure  3» 


Practical  application 


f  « 

From  the  practical  viewpoint,  there  are  seme  limitations  ae  there 
were  in  the  original  dry  insulation  concept.  It  should  be  pointed  out  that 
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the  concept  of  permeability  Index  it  based  oo  equilibrium  conditions  and 
that  in  cold  environments  these  nay  not  occur  (8).  In  addition.  It  bee 
been  shown  that  dry  insulation  is  not  uniform  at  all  points  on  a  cylinder 
exposed  to  wind  (2).  Permeability  index  is  likewise  not  expected  to  bo 
uniform.  It  is  customary  in  such  oases  to  use  an  average  or  integrated 
value,  although  recent  findings  have  cast  some  doubt  on  the  strict  validity 
of  doing  so  (9). 

Nevertheless,  permeability  index  Is  of  considerable  practical  use.  It 
ie  particularly  useful  to  the  textile  technologist  and  clothing  designer  as 
a  figure  of  merit  on  which  to  assess  his  product,  lot  only  does  it  allow 
for  ranking  of  textiles  but,  by  applying  equation  7*  the  technologist  can 
obtain  a  measure  of  how  much  be  has  improved  his  product.. 
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